Stavudine (d4T) is used extensively as part of HAART in resource poor settings, despite its toxicities. The revised WHO guidelines specify replacement of d4T with less toxic but more expensive drugs when feasible, and that d4T doses be standardized to 30 mg twice daily (bid) (irrespective of body-weight), from the approved 40 mg bid in adults (body-weight ≥ 60 kg). Therefore, an in silico population pharmacokinetic and biochemical model was utilized to compare relative efficacies of the two doses in humans. Assessment of predicted quartile ranges of simulated concentrations of the triphosphate of d4T suggested sufficient trough concentrations to inhibit wild type HIV-1 reverse transcriptase at the reduced dose, lending support to the revised WHO recommendations.
d4T (e.g., GPO-VIR S 40™, Thai Government Pharmaceutical Organization; Triomune-40™, Cipla Ltd; Virolans™ capsules, d4T 40 mg version, Ranbaxy Laboratories Ltd). However, d4T is associated with debilitating long term side effects, associated with mitochondrial dysfunction, which include hyperlactemia, lipodystrophy, neuropathies, and lactic acidosis, some of which are irreversible (McComsey and Lonergan, 2004; van Griensven et al., 2009) . Randomized studies on first-line HAART in first-world and in resource limited settings, indicated that zidovudine (ZDV) and tenofovir had similar efficacy and produced fewer metabolic side effects compared with d4T (Bygrave et al., 2011; Dube et al., 2007; Dube et al., 2005; Gallant et al., 2004; Mercier et al., 2009; Pujari et al., 2005) . These toxicities prompted the World Health Organization (WHO) in 2009, to recommend that countries phase out d4T (WHO 2009; Wainberg, 2009) . Although d4T (and ZDV) is off patent and is manufactured as a low cost generic medication in combination for use in 80 poor countries (ViiV Healthcare Web site), and tenofovir disoproxil fumarate is being offered by Gilead, its manufacturer, at a tiered discounted price in low-and middle-income countries (Gilead Web site), prices still remain beyond the reach of the poorest countries. Given the magnitude of the infected population, together with economic and other constraints, the WHO revised its recommendation to specify that "safer but currently more expensive first-line ARTs should be progressively introduced as currently they may not be feasible or affordable in many high-burden settings with low coverage, less developed health systems, limited laboratory capacity, finite budgets and competing health priorities" The recommendations also specify that a reduced dosage of 30 mg twice daily (bid) should be administered to all individuals on d4T in an attempt to reduce side effects (WHO 2010) .
Pilot and retrospective studies suggested that reduction in d4T dosage from 40 to 30 mg twice daily (bid), in individuals weighing less than 60 kg and possibly heavier individuals as well, may decrease the incidence of side effects, without compromising antiviral efficacy (Ait-Mohand et al., 2008; Hoffmann et al., 2009; Karara et al., 2010; Pedrol et al., 2007; Sanchez-Conde et al., 2005) . However, d4T dose reduction to control toxicity remains controversial. Domingo et al., 2010 , reported a statistically significant (p = 0.013) higher median stavudine triphosphate (d4T-TP) content in the lymphocyte peripheral blood mononuclear (PBM) cells of 17 individuals with HAART associated lipodystrophy syndrome (HALS) (20.6 femtomoles/10 6 cells in individuals with HALS, interquartile range (IQR) = 14.90 -26.92), compared to 16 individuals without HALS. (13.85 fmol/10 6 cells, IQR = 8.65 -20.15) (Domingo et al., 2010) . However, it is possible that the differences in d4T-TP levels between the two groups would have been even greater had d4T-TP measurements been normalized with the fraction of dividing cells (d4T is primarily phosphorylated in dividing lymphocytes), and had blood sampling times been standardized according to the time of the last d4T administration. Another recent study reported a lower risk of developing lipoatrophy in subjects who received 30 mg d4T exclusively (regardless of body weight, as suggested by WHO 2007 guidelines) since the start of treatment (n = 69), than in individuals who received weight adjusted d4T doses (30 mg if ≤ 60 kg, and 40 mg otherwise, patients treated before WHO 2007 guidelines) (n = 64) since treatment initiation. Furthermore, the odds ratio for the 30 mg bid only cohort was similar to a control group treated with AZT (n = 110), a drug which is not associated with lipoatrophy (Cournil et al., 2010) . In contrast, a study involving 47 HIV-infected individuals did not find a correlation between lipodystrophy and d4T plasma exposures (AUC), with some individuals demonstrating this side effect even at a 20 mg bid dose (Sinxadi et al., 2010) . The revised WHO guideline (WHO, 2010) now recommended that where d4T use is continued, it be administered at 30 mg BID for all individuals, irrespective of body weight. Based on the expectation of reduced toxicity with maintenance of adequate viral inhibition, fixed dose combination formulations containing d4T at the reduced 30 mg dosage with the standard lamivudine and nevirapine dosages are presently in use (e.g., Stavex-30 LN).
Population pharmacokinetic and pharmacodynamic simulations are useful for consolidating all available drug information into a usable form for the design of clinical trials of antiretroviral agents. These simulations may allow detailed analysis of of dosage regimens before actual studies are conducted. For example, based on predicted antiviral response, Rosario et al utilized clinical trial simulations to streamline the phase 2 development of the CCR5 receptor blocking agent maraviroc (Rosario et al., 2005) . Furthermore, our group developed simulation models for NRTI to predict the antiviral response of lamivudine, and to suggest a reduced dosage regimen for zidovudine (Hurwitz et al., 2008; Hurwitz et al., 2007) . The pharmacological and biochemical parameters of d4T necessary for modeling, including population pharmacokinetics, cellular phosphorylation in activated PBM cells (the major target for HIV-1 infection and replication), and the potency of inhibition of inhibition of the HIV-1 RT reverse transcription enzyme by d4T-TP have been studied (Becher et al., 2004; Panhard et al., 2007; Ueno and Mitsuya, 1997) . Therefore, it was considered feasible to merge these data in silico using mechanistic data, and to conduct a virtual dosing study to assess whether d4T is expected to maintain efficacy at the 30 mg bid dose, as suggested by the clinical pilot studies.
Becher, et al., reported a linear correlation (r 2 = 0.45), between the accumulation of d4T-TP in the PBM cells of subjects and d4T plasma concentrations of individuals taking d4T in a HAART cocktail. However, d4T is a thymidine analog and is phosphorylated primarily in activated (CD4 + ) lymphocytes (Jacobsson et al., 1995) . The proportion of activated PBM cells varies between infected individuals and is not usually reported in clinical studies, making it difficult to assess the linearity of d4T-TP versus extracellular d4T using pooled in vivo data from individuals, each with differing activated lymphocyte fractions. Therefore the linearity between d4T and cellular accumulation of d4T-TP was tested in phytohaemagglutinin (PHA) stimulated PBM cells in cell culture, in which the degree of activation is more uniform (Hernandez-Santiago et al., 2005; Hernandez-Santiago et al., 2007a; Hernandez-Santiago et al., 2007b) . The concentrations measured in vitro were then compared to average concentrations in humans after normalizing using 8% as an average estimate of dividing lymphocytes measured in infected individuals (Mohri et al., 2001 ). Since maximal d4T plasma concentrations (C max ) in individuals receiving 40 mg bid rarely exceed 7 μM, are reached within 0.5-1 h (T max ), and subsequently decay with a plasma halflife (t 1/2 ) of 1 to 1.5 h (Horton et al., 1995) , cells were incubated with 0.5 to 30 μM d4T in triplicate for 4 h before rinsing in ice cold phosphate buffered saline and extracted with ice cold 60% methanol in water and drying under a gently filtered air flow. The extracted d4T-TP was redissolved in mobile phase and assayed by LC-MS/MS (Fromentin et al., 2009; Hernandez-Santiago et al., 2007a) . The cellular accumulation of d4T-TP increased linearly with d4T concentration at clinically relevant concentrations (r 2 between 0.5 and 10 μM = 0.99), but appeared to plateau at > 10 μM (Fig. 1 ). d4T-TP concentrations in the linear range of the curve (0.05 -3.4 μM) included maximal cellular concentrations observed in the clinic after adjusting for an average of 8% activated lymphocytes in HIV-infected humans ( Fig. 2 ) (Becher et al., 2004) . Therefore, saturation of phosphorylation is not a concern at clinically relevant doses. This supported our model assumption that the accumulation rate of d4T-TP in dividing PBM cells in humans was proportional to extracellular d4T concentrations at clinically relevant doses (below).
An in vivo population pharmacokinetic and cellular biochemical model was used to simulate plasma d4T and cellular d4T-TP concentrations versus time and dose for HIV-1 infected individuals administered d4T, using the ADVAN9 differential equation routine of NONMEM (6.2, ICON Development Solutions, Ellicott City, MD), together with PLTtools (3.0, PLTsoft, San Francisco, CA). The model assumed that the nucleoside analog d4T achieves rapid equilibration between extra-and intra-cellular concentrations. This may be justified, since nucleoside analog are substrates for rapidly functioning equilibrative transporters which are present on the cell membranes of lymphocytes and have ∼ millisecond equilibrative half-lives (Balimane and Sinko, 1999; Plagemann et al., 1988) . Thymidine analogs are primarily phosphorylated in activated (dividing) lymphocytes. Therefore, the cellular accumulation of d4T-TP in vitro and in vivo could be compared by normalizing the respective quantities of d4T-TP by the respective ratios of dividing cells. It follows that since d4T-TP accumulation in vitro was proportional to extracellular d4T, d4T-TP would also remain proportional in vivo. Average and between subject variations in plasma concentrations of d4T were assumed to follow the model proposed by Panhard et al. (Panhard et al., 2007) which was fitted using data from 39 subjects taking d4T at dosages of 30 mg bid (if < 60 kg, n = 8), or 40 mg bid (if > 60 kg, n = 31), either with indinavir (n= 9), with indinavir + ritonavir (n = 2), or with nelfinavir (n = 15). d4T was assumed to be unbound to plasma proteins (Schinazi et al., 2006) .
In vivo measurements of d4T-TP in PBM cells were obtained from a study of d4T-TP in 25 of 26 compliant HIV-1 infected subjects administered 30 (if < 60 kg, n = 13), or 40 mg bid (if ≥ 60 kg, n = 12) of d4T with ddI and efavirenz (Becher et al., 2004) . The pooled d4T-TP concentrations versus time were co-fitted with the median plasma concentration versus time profile predicted by the population pharmacokinetic model of Panhard for individuals not taking indinavir (i.e., inter-subject variations were not included) (Table 1) (Panhard et al., 2007) . Dividing cell concentrations of d4T-TP were calculated assuming an 8% activated lymphocyte fraction (assumed equal to dividing cells), and a cell volume of 0.32 pL (Table  1) . Since d4T-TP measurements were not stratified by dose, and the number of individuals receiving either dosage were evenly matched (30 mg bid, n = 13 versus 40 mg bid, n =12), the average dosage of 35 mg bid was used to fit the model. Considering the relative total volumes of plasma and PBM cells, phosphorylation was assumed to have a negligible effect on plasma d4T concentrations (C P ). First-order accumulation (K PP ) and decay (K DP ) rate constants of d4T-TP accumulation were fitted according to:
Becher et al., reported a large inter-subject variation in the accumulation of d4T-TP in PBM cells versus time. However, that study had a paucity of d4T-TP measurements within 2 hr after d4T administration (Fig. 2) . Therefore, some of the variation in the earlier time points may have resulted from a variable lag time in the onset of d4T absorption following oral administration of d4T. Becher, et al., postulated that some of the substantial variability of d4T-TP concentrations could have resulted from variation in the percentage of activated PBM cells between subjects, a parameter not measured in their study. d4T is phosphorylated primarily in dividing lymphocytes. The proportion of dividing lymphocytes may be elevated in uncontrolled HIV infections, and may decrease towards baseline during adequate HAART treatment (Mohri et al., 2001 ). d4T-TP concentrations were less variable in measurements taken at periods > 10 h following drug administration. Not surprisingly, the model shown in Fig. 2 fit the later time points better than the earlier time points, while adequately estimating the maximal d4T-TP concentrations.
Plasma d4T concentrations (C p ) were simulated for cohorts of 2,000 individuals (sufficient to ensure reproducible median concentrations versus time) at 30 at 40 mg bid d4T, using the population pharmacokinetic model of Panhard, et al. The C p versus time profiles were then used to generate corresponding d4T-TP concentration versus time profiles for each simulated individual using Eq. 1 (details and parameters in Table 1 ). Since the model of Panhard et al. described a 53% increase in the oral clearance (CL/F, where CL = clearance and F is the unknown fraction of oral drug absorbed), when co-administered with indinavir, this analysis was repeated for individuals receiving 30 or 40 mg d4T bid without and with indinavir.The CP and d4T-TP concentrations versus time profiles from all simulated individuals in each cohort were then used to calculate median, 5 th , 25 th 75 th and 95 th percentile ranges. The d4T and d4T-TP percentile ranges of individuals taking 30 and 40 mg of d4T bid without indinavir are plotted in Fig 3A and B, respectively, while the corresponding curves for a d4T dosage regimen with indinavir are shown in Fig. 3C and D, respectively. The median inhibitory constant (K i ) of d4T-TP versus wild type (wt) HIV-1 (0.28 μM), measured using a steady-state kinetic assay in the presence of physiological concentrations of competing thymidine triphosphate (TTP) was also plotted for comparison (Ueno and Mitsuya, 1997) .
Concentrations versus time profiles became reproducible after 2 doses for both dosage simulations (Fig. 3A -D) . When d4T was administered at a 40 mg bid dosage in the absence of indinavir (Fig. 3A) , post 2 day trough concentrations exceeded the K i of d4T-TP versus wild-type HIV-1 (0.28 μM) in ∼ 75% of individuals, as shown by the intersection of the 75 th percentile d4T-TP curve (P 25 ) with the K i ( Fig. 3A and 3B ). Reducing the d4T dosage to 30 mg bid did not have a major predicted effect, since the 75 th percentile curve of d4T-TP was below the K i for only 1 to 2 out of 12 hr (Fig. 3B) . Co-administration of 40 mg bid of d4T with indinavir was predicted to produce post-2 day trough concentrations > K i in only ∼ 50% of individuals (Fig. 3C) , due to the boosted clearance in d4T CL/F predicted by the population pharmacokinetic model. Decreasing the d4T dosage to 30 mg bid during coadministration with indinavir was not predicted to have a major effect on trough d4T-TP concentrations relative to 40 mg d4T bid coadministered with indinavir (Fig. 3D) . None of the simulations produced trough concentrations > K i of clinically resistant HIV-1 isolates (2.5 μM) (Ueno and Mitsuya, 1997) .
The net terminal half-life (t 1/2 ) in cellular d4T-TP in humans reported by Becher et al. (2004) , based on the terminal half-life using the data summarized in Fig. 2 was 6 .6 h, while that calculated based on the cellular dephosphorylation rate constant (K DP ) derived by cofitting the in vivo cellular d4T-TP concentrations with median plasma concentration versus time profile of d4T (t 1/2 = 0.693/K DP ) was 1.3 h. This is consistent with some replacement of cellular d4T-TP in vivo due to phosphorylation of d4T entering lymphocytes from the plasma (d4T-TP itself does not penetrate the cell membrane). Interestingly, an extracellular t ½ of 3.5 h was previously reported in PHA stimulated PBM cells (Zhu et al., 1990) .
The model had certain limitations since for example, calculations assumed an 8% dividing lymphocyte fraction. However, in practice this fraction may vary between 3 and 16% depending on disease state (Hellerstein et al., 1999; Mohri et al., 2001) . The d4T-TP cell contents reported by Becher et al. (2004) were measured in fmol per 10 6 cells, rather than as fmol per volume of cells, and cell volume varies with the fraction of activated lymphocytes (not measured in the study). In the modeling the phosphorylation rates and cell sizes were assumed constant. The population pharmacokinetic parameters used were obtained from a relatively small study (n = 39 subjects) (Panhard et al., 2007) . In that study body-weight and creatinine clearance were not demonstrated to be significant covariates of CL/F and orally determined distribution volume (V/F, where V is volume and F is the unknown fraction of dose absorbed) of d4T. However, it is possible that these covariates may have significant impact if larger and more diverse populations are modeled. Concentrations of d4T-TP in activated lymphocytes were assessed relative to the K i of HIV-1 measured in vitro and used as an indicator of antiviral efficacy. However, K i measurements are sensitive to a variety of factors, including the use of homopolymer/heteropolymer templates, pH variations, competing levels of natural dNTP's including ATP, and possibly other experimental conditions. Levels of HIV-1 RT heterodimer p66/p51 and homodimer form p66/p66 can also affect the K i values (Shao, 2004) . Therefore, further analysis may be warranted once additional data become available.
This study in association with early clinical studies provides support that a d4T dose reduction from 40 to 30 mg bid to reduce toxicity, would not substantially compromise antiviral efficacy against wild type HIV-1. However, a substantial decrease in efficacy was predicted for both d4T doses when co-administered with indinvavir which was reported to increase the CL/F of d4T (Panhard, et al., 2007) . Therefore, the possibility of other drug interactions should also be considered.
Lipodystrophy is associated with depletion of mitochondrial DNA in adipocytes, which could result from certain NRTI-TP acting as inhibitors of mitochondrial DNA polymerase-γ (pol-γ), and as chain terminators, if replicating mitochondrial DNA strands incorporate NRTI-TP (Igoudjil et al., 2008; Wendelsdorf et al., 2009) . However, an enzymatic study using cultured mouse 3T3-L1 adipocytes revealed NRTI phosphorylation was much lower in adipocytes than in lymphocytes and concluded that toxicity may result at least in part from the depletion of natural dNTP in adipocytes (Rylova et al., 2005) . To date no pharmacokinetic studies have been performed to quantify the accumulation and in vivo stability of d4T-TP in adipocytes during d4T administration. Therefore, although a similar simulation study could in principle be conducted by linking the pharmacokinetics of d4T with the kinetics of d4T-TP accumulation in the adipocytes of infected individuals, the data required to derive the required model parameters are not readily available.
The majority of people in Africa and other third world countries still rely on cocktails containing d4T and Nevirapine as first line therapy thanks to the generic drugs imported primarily from Brazil, China and India, which are manufactured in most cases under license from US or European companies. These cocktails of fixed dose combinations are not suboptimal with regard to efficacy, and d4T may have advantages in relation to resistance development, specifically the counter-selection of K65R due to the bidirectional antagonism of thymidine analog mutations and K65R pathways in optimized regimens (Parikh et al., 2006) . Therefore, it is likely that the use of d4T containing regimens will continue in developing countries for the immediate future until a safer effective alternative becomes globally available, including in resource limited settings (Walensky et al., 2010) . d4T usage worldwide has declined significantly, however, the WHO estimates that 56% of adults receiving antiretroviral therapy in low-and middle-income countries were receiving d4T compared with 8% receiving tenofovir-containing therapy (World Health Organization. Towards universal access: scaling up priority HIV/AIDS interventions in the health sector: progress report 2009). The modeling and pilot clinical trial findings suggest that dose reduction from 40 to 30 mg d4T in existing HAART regimens could maintain efficacy. Whether a concurrent decrease in HIV associated lipodystrophy syndrome (HALS) occurs at the reduced dosage can only be assessed by well-controlled clinical trials.
Highlights
• Stavudine (d4T) is widely used in resource poor settings despite toxicity.
• WHO recommended reducing d4T dose from 40 to 30 mg bid when replacement is not feasible.
• A population PK/biochemical model was used to simulate cellular d4T-TP versus dose.
• d4T-TP concentrations for 30 mg bid exceeded wt HIV-1 EC50 in most virtual subjects,
• This suggests that this low dose could maintain antiviral efficacy Concentrations of d4T-TP (μM) in activated PBM cells versus time after a single orally administered d4T dose (•). These concentrations were calculated from in vivo d4T-TP measurements reported in lymphocytes (stimulated and non-stimulated) (Becher et al., 2004) . Calculations assumed that d4T is primarily phosphorylated in dividing lymphocytes, and an average 8% dividing fraction of lymphocytes (Mohri et al., 2001 ). The proportion of dividing lymphocytes was not reported in the study of Becher et al., (2004) . Also shown is the predicted curve derived from co-fitting the median plasma pharmacokinetic model (without inter-individual variations) (Panhard et al., 2007) with the intracellular data of Becher et al. (2004) . Predicted plasma d4T (grey) and cellular d4T-TP (TP, black) concentrations are shown for individuals taking d4T (without indinavir) at dosages of: 40 mg twice a day (bid) (A) or 30 mg bid (B). Analogous predicted concentration are also shown for individuals taking d4T (with indinavir) at 40 mg bid (C), and 30 mg bid (D). Medians (solid curves), 5 th 25 th and 75 th and 95 th percentiles (dashed curves), were calculated using data from 2,000 simulated individuals from each cohort, and are plotted together with the K i of d4T-TP versus wild type HIV-1 RT measured in vitro in the presence of competing thymidine-5′-triphosphate (TTP). 
Cellular parameters Reference
Cell volume (pL) 0.32 (Diamond et al., 2004) Cells stimulated PHA stimulated 40 % (Jacobsson et al., 1995) in humans 8 % (Mohri et al., 2001) Model fitting and simulations were performed using the ADVAN9 differential equation routine of NONMEM (6.2, ICON Development Solutions, Ellicott City, MD). CL and V are systemic clearance and distribution volumes, respectively and are divided by F, the unknown fraction of drug which is orally absorbed. K a is the first-order oral absorption rate constant. IND is the potentiating factor of CL/F. Thus, when d4T is coadministered with indinavir, CL/F was boosted by a factor of 53% (Panhard, et al., 2007) . K PP and K DP are first-order rate constants which describe d4T-TP accumulation and decay, respectively, and were obtained by co-fitting the pooled d4T-TP concentration to the median plasma concentration versus time curve. Pharmacokinetic parameters were assumed to be log-normally distributed with variances ω 2 . %CV of a lognormally distributed parameter = √(e (ω 2 ) -1) × 100. The residual variance σ 2 in plasma concentrations of d4T was modeled using a combined proportional and additive error structure, commonly used in population pharmacokinetics. According to this error structure residual error becomes proportional to concentration and tends to "a" at lower concentrations (Panhard et al., 2007) . The residual variance of the d4T-TP values ( ) was modeled using a proportional error structure. Thus, observed [d4T-TP] = "true" [d4T-TP] × (1 + ε), where ε is normally distributed with variance . The model fitted for the in vivo cellular pharmacology of d4T-TP converged to > 3 decimal places, and produced a minimum value of the NONMEM objective function (-2 × log-likelihood, -2LL) = 278, using the FOCE with interaction option.
1 These parameters were considered invariant in the model. Antiviral Res. Author manuscript; available in PMC 2012 November 01.
